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This work aimed to produce nitrogen doped graphene from Graphite Oxide (GO) by combining the
Expansion Reduction Synthesis (RES) approach, which utilizes urea as doping/reducing agent, with
the use of an Atmospheric Plasma torch (Plasma), which provides the high temperature reactor
environment known to thermally exfoliate it. The use of this combined strategy (Plasma-RES) was
tried in an attempt to increase the surface area of the products. The amount of nitrogen doping
was controlled by varying the urea/GO mass ratios in the precursor powders. X-ray diffraction
analysis, SEM, TEM, BET surface areas and conductivity measurements of the diverse products
are presented. Nitrogen inclusion in the graphene samples was corroborated by the mass spectral
signal of the evolved gases generated during thermal programmed oxidation experiments of the
products and by EDX analysis. We found that the Plasma-RES method can successfully generate
doped graphene in situ as the urea and GO precursors simultaneously decompose and reduce
in the discharge zone. When using the same amount of urea in the precursor mixture, samples
obtained by Plasma-RES have high surface area than those generated by RES, however, they
contain a smaller nitrogen content
Keywords: Doped Graphene, Reduction Expansion Synthesis (RES), Microwave Plasma.
1. INTRODUCTION
Graphene, an allotrope of carbon in a two dimensional
honeycomb structure, has attracted the attention of schol-
ars from a broad variety of fields due to its mechanical1–3
electronic45 and thermal6–10 properties. The industries
for which this material might find application include,
but are not limited to, electronics,41112 medicine,13
light processing,14 environmental remediation,15–17 energy
production18 and energy storage devices.19–23 With a
theoretical surface area of 2,630 m2 g−1,24 and mea-
sured electron mobility at room temperature above
200,000 cm2V−1s−1,25 graphene has certainly the poten-
tial to revolutionize many areas of technology. However,
much of the outstanding properties expected in graphene
are drastically dependent of the pristine state of the
graphite layers and their surface characteristics.26–29 The
order/disorder state of the stack of layers in graphene is
determined by the fabrication and post-processing meth-
ods; high quality single layer graphene can be fabricated
through bottom up techniques like CVD,91030 plasma31–33
and epitaxial growth,34 which, with some exceptions,3536
∗Author to whom correspondence should be addressed.
suffer from low yields. Lower quality graphene, appropri-
ate for applications such as electrodes, can be produced
by techniques that could be considered top down, as it is
the reduction of graphite oxide (GO),303236–43 which usu-
ally render higher outputs. Thus, a more cost and time
effective process, that also allows a high level of control
over the characteristics/quality of the material, is required
in order to scale up the graphene production and make its
applicability a reality.
Since GO can be produced by cost-effective chemical
treatment of the abundant graphite, exfoliation and reduc-
tion of GO has been widely used to produce graphene
materials. Nonetheless, graphene produced from GO con-
tains in its structure small amounts of un-removed oxy-
gen groups, which can alter its reactivity, among other
properties,44–46 limiting its use. Strategies to improve the
surface area and charge mobility of graphene produced
from GO, such as doping, are in high demand. For exam-
ple, graphene is a key component of many of the new
electrode formulations used in batteries and supercapac-
itors, thus achieving a higher quality graphene produced
from an abundant source could enable the development of
improved energy storage devices.
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Our team and collaborators have published diverse
approaches to generate graphene directly from
hydrocarbons3133 and from GO3247 using microwave
plasma approaches. We have also validated the possibility
to doped graphene with nitrogen by thermally treat-
ing urea and GO mixtures in an inert gas environment
inside a tubular furnace with no plasma involved (RES
methodology).2348–50 In the later, the decomposition of
the urea generates reductive gaseous species that aid the
GO oxygen groups removal and, at the same time, doping
the resulting graphene material with nitrogen. The RES
technique allowed stoichiometric control over the doping
levels; however, it produced samples which surface area
significantly decreased as the level of doping increased.
The novelty of the Plasma-RES approach presented in
this manuscript is to process the urea-GO mixtures in a
microwave plasma environment. The goal of this work is
to produce nitrogen doped graphene products while main-
taining large surface areas, since the combination of large
surface area and nitrogen doping are key features expected
to improve the performance nitrogen-doped electrodes as
previously published work has suggested.204951–53
The effects of introducing dopants in the graphene struc-
ture have been studied by multiple groups54–57 and are here
contrasted with the data generated for samples produced
by the Plasma-RES approach.
2. MATERIALS AND METHODS
2.1. Synthesis
2.1.1. Synthesis of Graphite Oxide (GO)
A variation of the procedure used by Marcano et al.58
(a modified Hummers method59), was employed to pre-
pare GO from graphite powder (<20 m, synthetic, Sigma
Aldrich). A mixture of acids, H3PO4:H2SO4 in a 1:9
ratio (≥85% and 95.0% respectively, Sigma Aldrich) and
KMnO4 (99.0%, J. T. Baker) were added to the graphite
powder and allowed to react at room temperature for
5.5 hours. H2O2 (30%, Sigma Aldrich) was then incorpo-
rated while keeping the temperature in the beaker below
35 C by the addition of DI water ice cubes. The mix-
ture was left to react overnight, washed with DI water,
HCl (37%, Sigma Aldrich) and ethanol (≥99.5%, Sigma
Aldrich). The supernatant of each step was removed and
the precipitate dried under vacuum. The resulting GO was
characterized by XRD and electron microscopy before
being used to generate graphene.
2.1.2. Fabrication of Graphene and Doped
Graphene by Plasma-RES
The GO generated by the method described above was
ground with urea (≥99.5%, Sigma Aldrich) using a mor-
tar and pestle. Precursor samples with urea/GO ratios
of 0, 0.2, 0.25, 0.33 and 0.5 were produced for plasma
treatment.
The setup used to combine the Microwave Plasma
reactor (Astex, 2.45 GHz S-1500i and SmartMatch) and
RES process, here called Plasma-RES, is summarized in
Figure 1. In the middle of the reactor, a microwave guide
(900 Watts) was directed to a stream of Ar (UHP, Praxair)
to create a plasma discharge at atmospheric pressure. The
Ar used as plasma gas had a flow rate of 4.1 slpm. The
precursors (urea/GO mixtures) were then placed inside a
hermetic flask, located directly under the plasma system,
while a 1.5 slpm flow rate of argon (Ar, UHP, Praxair)
was introduced in the beaker as carrier gas to create an
aerosol (see region marked with a letter A). The beaker
was introduced inside an ultrasonic bath to preclude the
solid from agglomerating and aid the precursor particles
become airborne (not shown in diagram). The aerosol con-
taining the urea/GO mixtures passed through an alumina
tube of 3.2 mm diameter (region B) directed upstream,
until it reached the plasma torch discharge zone (C). The
particles carried in the aerosol interacted with the ionized
gas in the hot discharge zone (3000–3500 C),60 losing
oxygen groups and reacting with gaseous byproducts in
the afterglow zone located in the chimney (D). Finally,
the reaction products in the chimney were transported to a
collection filter (E). The pressure in the exhaust was held
10 Torr below of the atmospheric pressure by the use of
a vacuum pump. The un-doped and doped graphene sam-
ples were collected from the filter downstream the plasma
torch and kept in a dry atmosphere.
2.2. Characterization
Morphological, microstructural and chemical character-
istics of the materials were determined using a Zeiss
Neon 40 Scanning Electron (SEM) microscope oper-
ating between 2–20 kV. An FEI Osiris field emis-
sion gun STEM/TEM equipped with Gatan GIF image
Wave guide




















Fig. 1. Diagram of the plasma setup used for the production of
graphene by Plasma-RES method.
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filtering system was used to acquire Transmission Electron
Microscopy (TEM) and Energy Dispersive X-ray Spec-
troscopy (EDS) data.
Crystallographic information was obtained from powder
samples using a Rigaku X-ray diffractometer using Cu K
radiation (wavelength= 0.15418 Å) operating at 35 kV in
a continuous scan mode from a 2 of 5 to 70. Two second
steps were utilized with a step size of 0.020 at a speed of
0.01 s−1. The second derivative method was used as peak
finding algorithm.
BET surface area was calculated from nitrogen adsorp-
tion isotherms performed on a Quantachrome Nova 4200 e
surface area and pore size analyzer. A 9 mm large bulb
long cell was employed for this analysis to prevent samples
from being carried out from holder during low pressure
stages. Samples were degassed following an increasing
temperature profile, starting at 100 C for 30 minutes, fol-
lowed by 250 C for 150 min.
Thermal programmed oxidation experiments were per-
formed for all samples in order to estimate the relative
amount of nitrogen embedded in the graphene using a
simultaneous thermal analyzer (STA 449 F3 Netszch) cou-
pled to a mass spectrometer (MS, Aeolos 32). The STA
was operated between room temperature and 1050 C,
at 10 C min−1 under Ar/O2 (80%/20%, UHP, Praxair)
atmosphere. The thermograms were analyzed with Proteus
Analysis software. The relative values of nitrogen in the
different samples were estimated by comparing the ion
current signals detected by the mass spectrometer as the
volatile byproducts evolved from the process. The signal
obtained for atomic mass 30 during each analysis was nor-
malized by the weight of the graphene or doped graphene
sample under study.
2.3. Conductivity Measurements
In order to determine the effect that the nitrogen inclu-
sion had in the electrical conductivity of the doped-
graphene products, and given the powder-like nature of
the specimens generated, the samples were deposited
as thin films. Indeed, direct electrical conductivity mea-
surements on the individual graphene sheets was not
feasible due to the sheets dimensions not being large
enough to create macroscopic specimens. Instead, thin
films of Graphene/acetylene black/PVDF/NMP were pre-
pared following similar protocols than the ones employed
to test powder materials in electrodes for energy stor-
age devices.23 The thin films consisted of 71% of
the un-doped or doped graphene prepared by Plasma-
RES, 21% of acetylene black and 8% of polyvinyli-
dene fluoride (PVDF). The mixture was fluidized with
N -methylpyrrolidone (NMP), applied with the blade tech-
nique on a nonconductive glass surface and dried in air
atmosphere at 40 C during 4 hours. The blade was set at
350 m high. All reactants were reactive grade. A 4-point
probe meter (Lucas Labs Pro4, PRO4-4400) was used to
collect electric resistivity and those values then converted
to electrical conductivity (S/m). Data was collected with
Lucas Signatone Corporation Pro4 software. The ratio-
nale to use the same thin film fabrication routes than in
Ref. [23] was to assure that in future efforts the Plasma-
RES samples, when used as electrodes, could be strictly
compared with those of RES in regard to capacitance val-
ues. The electrical conductivity data generated was not
intended to give absolute electrical conductivity value but
a comparison between doped and un-doped samples pre-
pared under same plasma conditions.
3. RESULTS
Given that previously reported data, generated using only
the RES approach (no plasma) for fabrication of N-doped
Graphene electrodes, showed that only urea/GO mass ratio
values up to 0.4 presented performance improvements over
non-doped specimens when evaluated in supercapacitor
devices,23 the current work only comprises small mass
urea/GO values (0, 0.2, 0.25, 0.33 and 0.5).
As a result of the process described in the experimental
section, reduced graphene sheets were formed in the after-
glow region of the plasma system, traveled through the
chimney and were deposited in a filter paper downstream
(Fig. 2(a)). The yield, about 60 mg h−1, was determined
to be a function of diverse variables:
(i) the flow rates employed to carry the precursor through
discha ge region (carrier gas),
(ii) the plasma gas flow that generates the discharge, and
(iii) the pressure in the exhaust system.
Secondary electron images of some the specimens fab-
ricated by the Plasma-RES approach are presented in
Figures 2(b and c), which compare the samples prepared
from urea/GO ratios = 0 and 0.5 at the same magnifica-
tion. Both materials are composed of thin layers, most of
them agglomerated and overlapping each other, in a struc-
ture similar to that reported previously and described as
disordered graphene and seen in the diverse nitrogen dop-
ing levels.32 Regardless of the precursor ratio, the samples
showed variations in levels of sheet agglomeration across
different locations. However, overall, layers of the material
produced from precursor without urea are more exfoliated
than those produced from precursor with high urea con-
tent, consistent with previous work of N-doped graphene
by RES (urea and GO mixtures, no plasma), which showed
a similar trend: reduced sample volume and higher level of
agglomeration as doping levels increased.2348 This higher
agglomeration in graphene-like materials has been associ-
ated by some research groups to stronger attraction forces
between layers due to the presence of donor or accep-
tor groups like oxygen (from incomplete reduction of the
GO) or nitrogen.61–63 However, since differential scan-
ning calorimetry (DSC) studies of the decomposition of
urea/GO mixtures48 seem to conflict with such attraction
forces hypothesis, the subject will be further reexamined
in the discussion section.
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Fig. 2. (a) Photograph of the plasma-RES graphene collected downstream at the filter. (b) Secondary electron images of samples produced from
precursors with a mass ratio of urea/GO = 0, and (c) 0.5.
Energy Dispersive X-ray Spectroscopy (EDS) analysis
performed in the products, along the MS data of evolved
gases during thermal programmed oxidation (burn off) of
the samples confirmed the inclusion of nitrogen in the sam-
ples prepared by Plasma-RES method from urea/GO mix-
tures. EDS information collected from the doped-graphene
sample obtained from precursor with urea/GO mass ratio=
0.5 showed a peak at 0.392 eV, usually associated with the
presence of nitrogen. The EDS data also showed a peak at
0.525 eV, indicating that few residual oxygen groups were
still present in the structure. HAADF and EDS mapping
of sample prepared from urea/GO ratio 0.5 are presented
in Figure 3. The elemental composition was measured in
three different locations of the sample; C:O and C:N ratio
varied from 15 to 19 at % and from 22 to 30 at %, respec-
tively, between the analyzed locations.
MS analysis was performed on the evolved gases
from the thermal programmed oxidation experiments of
reduced graphene samples prepared by Plasma-RES. Such
Fig. 3. HAADF images and EDS maps for carbon (red), nitrogen (green) and oxygen (purple) obtained from doped-graphene produced from Plasma-
RES method from a precursor with a mass ratio urea/GO = 0.5. The compositional information was collected in three different sample locations, is
given in at% and illustrates the variability of composition in diverse sections of the doped-graphene sheets.
information was compared with data obtained for N-doped
graphene produced by RES method (no plasma) from
Ref. [23]. The data was obtained by measuring the ion cur-
rent signal for atomic masses from 1 to 70, and selecting
mass 30 to track the NO production (generated during the
oxidation of the nitrogen contained in the samples). The
calculated area under the peak for mass 30 was normalized
with the initial weight of the sample. All samples prepared
from precursor mixtures with mass urea/GO ratio >0 pre-
sented positive signal for mass 30. It was observed that
the characteristic area for NO evolution from the sample
increases with the mass ratio of urea/GO (see Fig. 4 inset).
This evidence supports the hypothesis that using urea and
GO mixtures to feed the plasma torch system produces
N-doped graphene, and that the amount of nitrogen can be
ontrolled by c anging the urea/GO ratio. A comparison
of the area of the mass 30 signal between samples pre-
pared by Plasma-RES and by RES (Fig. 4), shows that the
former contains significantly lower amounts of nitrogen,
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Fig. 4. Relative amount of nitrogen introduced in the graphene struc-
ture calculated from the area under curve of the ion current signal for
mass 30 (NO). The blue points correspond to samples fabricated using
RES method performed at a tubular furnace, while the red points repre-
sent values for samples produced employing the Plasma-RES approach.
The inset highlights the values for the later.
thus lesser nitrogen inclusion in the graphene structure.
Therefore, from the same urea/GO precursor mass ratio
and under the studied conditions, more nitrogen can be
introduced in the graphene by RES method in a tubular
furnace than by Plasma Torch treatment (Plasma-RES).
Nitrogen adsorption isotherms for the reduced graphene
(doped and un-doped) were used to determine the total
surface area of the samples. The data obtained from the
BET method was plotted as a function of the mass ratio
of the urea/GO employed in the precursor samples and
is presented in Figure 5. The figure includes surface area
data of samples prepared by Plasma-RES (red circles) and
the previously reported RES method23 conducted simply
in a tubular furnace for comparison (blue squares). The
highest surface area obtained, for the un-doped graphene
sample produced in the Plasma-RES method (urea/GO
ratio = 0), was 590 m2 g−1, very close to the value of
the un-doped sample prepared by RES only. As the mass
ratio urea/GO increases in the precursor mixture fed into
the Plasma torch, the surface area value of the result-
ing materials dropped, and continuously decreased for
higher urea/GO ratios. This same trend was found for the
N-doped graphene produced by RES method in a tubular
furnace. The collected data shows a much higher surface
Fig. 5. Surface area of samples prepared by Plasma-RES and RES fur-
nace methods from different urea/GO ratios.
area for the material prepared by Plasma-RES method than
the obtained by RES process from precursors with similar
urea/GO ratio.
X-ray diffraction of the samples and the precursor
showed the conversion of the GO to a graphene material
after the Plasma-RES process. The initial GO presents a
well-defined peak at the 2 value of 9.4, within the range
reported in literature from 8–12.64 Once the Plasma-RES
method has been employed and the precursor mixtures
have passed through hot zone of the plasma system, the
peak in the range 8–12 disappears; instead, a d002 broad
peak at 26 is identified, commonly related to graphitic
structures. Additionally, position of the d002 peak slightly
varied (see Fig. 6) with the ratio of the urea/GO precursor
(ca. nitrogen content). Figure 6 inset, presents the d spac-
ing of the d002 peak for samples prepared with precur-
sors ratios of 0.25, 0.33 and 0.50, showing an inversely
proportional relationship between those, indicative of a
smaller distance between the graphene sheets as the ratio
of urea/GO increases.
The electrical conductivity, calculated as described in
the experimental section and measured on thin films pre-
pared from the Plasma-RES synthesized graphene, acety-
lene black, PVDF and NMP is presented in Figure 7.
Conductivity of the films increased when graphene pre-
pared from higher urea/GO mass ratios was used (Fig. 7),
changing from 1.0205 S m−1 to 19.76 S m−1 when
the ratios urea/GO were 0 and 0.5 respectively. It is
worth noting that these values are much lower than the
ones reported for pristine graphene and doped sheets of
graphene, in Refs. [63, 65]. The lower overall conductiv-
ity values reported herein could be expected in samples
where the thin film preparation included binders, given
the non-conductive polymeric nature of the later. Thus,
the significance of the electrical conductivity measure-
ments presented relies on the possibility they provide to
compare samples with diverse doping levels prepared by
Plasma-RES. They could also serve as comparison for
Fig. 6. XRD diffraction patterns and d002 interplanar distance of
graphene samples prepared in Plasma-RES as a function of urea/GO
ratio: (a) 0.25, (b) 0.33 and (c) 0.5.
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Fig. 7. Conductivity change of the prepared thin films with graphene
samples produced from precursor mixture with different urea content.
the electrical conductivity of electrodes prepared as thin
films by similar methodologies (where other binders are
included) and should not be used for a strict compari-
son with the single sheet graphene electrical conductivity
reported by other groups. Changes in the samples elec-
trical conductivity are believed to be a result of a com-
bined effect: the one produced by adding nitrogen in the
structures and that derived from changing the level of
sheet agglomeration. Indeed, considering that the protocol
used for the thin film preparation fixed the amounts of
each component, conductivity changes were attributed to
the concomitant influence of a structural sheet modifica-
tion during the nitrogen insertion (which seems to effec-
tively modify the number of conductive paths between
thin graphene layers and also have a significant impact on
surface area values) and the alteration in the number of
charges introduced by the nitrogen electron pairs. In other
studies N-doped graphene has shown a lower conductiv-
ity than bare graphene due to the effects that nitrogen
embedded in the material produce: an increase in scatter-
ing centers and decrease in the level of order, which effec-
tively has decreased the electron mobility.54–56 However,
there are also reports in which the electrical conductivity
of reduced graphene varies due to the fabrication condi-
tions (no doping)66 and others that observe that the elec-
trical conductivity of reduced GO samples gets enhanced
when the GO specimens are simultaneously reduced, nitro-
gen doped by NH3 atmospheres and irradiated with a
Hg 500 W lamp,67 supporting the results presented herein.
In sum, the results;
(a) microstructure agglomeration
(b) BET surface area reduction
(c) XRD decreased basal plane spacing
(d) EDS/MS evidence of N doping and
(e) increase in electrical conductivity, all as a function of
the amount of urea in precursor ratios, support the idea
that a significant change was produced in the samples as
consequence of the variation of the urea amount in the
precursor (nitrogen inserted) and the plasma treatment of
the samples.
However, besides of the nitrogen doping of the graphene
structure, there are other mechanisms/variables that could
play a role in the observed results that deserve further dis-
cussion and thus have been included in the next section.
4. DISCUSSION
Previously published experiments have demonstrated the
advantages of using aerosol-through-plasma (ATP) syn-
thesis for the production materials with tailor-made prop-
erties in terms of particle size distribution, large surface
areas and targeted core–shell structures, among others.68–73
ATP has been also used successfully in the production
of graphene-like material with low-oxygen content (∼4%)
and high surface areas (621–657 m2 g−1 from the exfo-
liation/reduction of GO.32 In regard to the process yield
reported herein, 60 mg h−1, a reasonable generalization
that could explain why factors such as flow rates and pres-
sure in the exhaust have influence in the rate of graphene
production, is that both variables alter the residence times
that the GO sheets spend in the hot zone of the plasma.
Indeed, lower flow rates than the ones used or over-
pressure in the exhaust, could limit the amount of solid
produced and therefore the yield. Higher flows than the
ones employed or lower pressures, reduce the residence
times, therefore, increasing the amount of solid generated
but unfortunately also rendering large amounts of unre-
acted GO. Consequently, the values for flow rates and
pressure reported herein have been optimized. In contrast
with other plasma strategies, since here we started with a
solid product (GO) with very close structure to the final
graphene, the yields are higher than for processes that use
hydrocarbons such as ethanol, methanol, ethylene, etc.3247
All the techniques employed to characterize the samples
produced by Plasma-RES point to an effective incorpora-
tion of nitrogen in the reduced graphene samples where the
precursors contained urea. In sum, the samples produced
from GO and urea in a plasma reactor show
(a) evidence of microstructure agglomeration,
(b) BET surface area reduction and
(c) XRD decreased basal plane spacing when compared to
reduced graphene where no urea was used. Other results
(d) EDS—MS provide direct evidence of N inclusion.
Elemental information obtained by EDS confirms nitrogen
presence in the prepared material (Fig. 4). Likewise, the
data from the analysis of evolved gases during thermal
programmed oxidation (MS) showed production of NO
and an increase of its amount when samples prepared from
precursors mixtures with higher urea/GO ratios were ana-
lyzed, implying introduction of nitrogen in to the graphene
structure and its dependency with the ratio urea/GO.
Lastly, the reduced GO samples with greater amounts of
nitrogen present an increased electrical conductivity
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(e) It is worth noting that the electrical conductivity is
that of thin films composed of the graphene (reduced
and doped through plasma-RES) material, acetylene black,
PVDF and NMP.
Results (a) through (c) are consistent with the hypoth-
esis published elsewhere61–63 that a higher nitrogen con-
tent could increase the attraction forces between graphene
sheets. However, it is worth noting that some of the results
highlighted above may also be explained by a different
mechanism. That is
(a) microstructure agglomeration,
(b) BET surface area reduction and
(c) XRD decreased basal plane spacing could result if
the thermal exfoliation mechanism was hindered by larger
amounts of urea in the reaction environment or if the pro-
cess increased the level of order in the reduced GO as
nitrogen atoms restore the defective structure left when the
oxygen groups get removed.
The fact that the DSC thermograms show a less exothermic
peak for the reduction reaction when urea is mixed with
GO than when the individual components are analyzed
(previously published for RES method—no plasma48),
indicates that urea might also hamper the thermal exfoli-
ation mechanism, producing samples with less separation
between sheets. The increased electrical conductivity (e)
could be therefore associated not only to doping, but to the
proximity of the layers in the sample and a higher order
within the sheets when compared to the original GO or the
reduced graphene.
The different reports found in the literature also sup-
port our findings in regard of electrical conductivity, that
is, the conductivity values in reduced graphene are modi-
fied when nitrogen is introduced in the structure, however,
depending in the initial level of order, the conductivity
might suffer an increase or could be reduced. In one hand,
when pristine graphene sheets (with high level of order)
are doped with nitrogen, the later distorts the structure
and creates a more defective product where electrons have
less mobility. When GO is the precursor, the simultane-
ous reduction and doping processes allow the nitrogen to
replace the oxygen and have a mending effect, promoting
an increase in carrier mobility.54–5767 Thus, in the case of
the Plasma-RES approach, using urea and GO mixtures as
precursors, we observe a conductivity enhancement.
A fact worth highlighting is that when the data of total
surface area of the Plasma-RES synthesized materials are
compared against the RES synthesized material (Fig. 5)
it is evident that the Plasma-RES methodology gener-
ated materials with higher surface area. According to the
MS results presented in Figure 4, Plasma-RES method-
ology generated materials presents lower levels of nitro-
gen inclusion. We believe that in the process conducted
in a furnace (RES) the thermal exfoliation is less effec-
tive, given than the temperatures used are lower, between
800–1000 C, than the microwave plasma (Plasma-RES),
where the process is known to reach temperatures in the
order of 2000–3000 C.60 Plasma-RES method has lesser
capabilities to incorporate nitrogen into graphene than the
RES in a tubular furnace method in the experimental
conditions employed. A plausible reason for the plasma
system to incorporate less nitrogen can be found in the
conditions that exist in the hot zone and afterglow regions
of the plasma: temperatures are so high that components
tend to vaporize and residence times are fractions of a sec-
ond, making difficult the incorporation of new species into
the solid as the oxygen groups are being removed. Short
residence time implies less interaction between the chem-
ical species generated in the plasma, reducing the likeli-
hood of inclusion in the graphene structure of the available
nitrogen-containing intermediate compounds generated by
the decomposition of urea. Moreover, the residence time in
the RES in the tubular furnace methods are longer (10 min-
utes), which along low flow rates, make the byproducts
linger in the reactive atmosphere, increasing the probabil-
ities for nitrogen inclusion. Larger amounts of urea with
longer residence times in the plasma environment might
be conditions worth exploring for future work.
Despite the difficulties separating the two mechanisms
responsible for the structural modifications observed and
presented above, the MS and EDS data present unequiv-
ocal evidence of a successful nitrogen inclusion in the
graphene structure by the Plasma-RES methodology. The
changes in morphology, physical properties and chemical
composition reported herein for the doped-graphene pro-
duced by Plasma-RES from diverse mass ratios of urea
and Graphite Oxide (GO), demonstrates that the methodol-
ogy is suitable to produce controlled nitrogen doping. The
graphene samples fabricated by the plasma-RES approach
contain smaller levels of nitrogen than the samples fabri-
cated in a tubular furnace (RES) but maintain much higher
surface areas (almost an order of magnitude higher). These
results indicate that the plasma-RES methodology could
be a very promising path to generate samples with low
levels of doping but acceptable surface area values, as the
ones required for the fabrication of electrodes for energy
storage devices.
5. CONCLUSIONS
We proved that it is possible to obtain nitrogen-doped
graphene by reacting precursor mixtures of urea and GO
in a plasma torch system working under atmospheric pres-
sure (Plasma-RES). The method renders nitrogen doped-
graphene due to the combination of two strategies to
reduce GO: the use of reducing gases that contain nitrogen
(produced by urea decomposition) and the highly reactive
environment that the microwave plasma torch system pro-
vides. The use of the plasma system allowed us to achieve
the main goal of this study, to increase the surface area
of the graphene products while doping them with small
amounts of nitrogen.
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